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Intersubband Plasmon Polaritons

in Multiple Quantum Well Structures
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Radiative intersubband plasmon polaritons in multiple quantum well
structures, with arbitrary number of quantum wells, are discussed theoreti-
cally. The dispersion relations are derived modeling multiple quantum well
structure by uniform uniaxial effective medium and using a full set of the
Maxwell equations for macroscopic (local) electromagnetic fields. Numerical
calculations are performed for a “GaAs—GaAs/AlGaAs multiple quantum
well—air” structure corresponding to a typical total internal reflection geom-
etry. Manifestation of these modes in total internal reflection spectra is also
considered.

PACS numbers: 78.66.Fd, 73.20.Mf, 71.36.4c

Radiative (virtual) polaritons are electromagnetic modes of optically-active
layered structures, which migrate outside the sample in the form of radiation.
These modes are very useful in discussion of optical properties of multilayer sys-
tems. It is connected with the fact that, in contrast to nonradiative modes, they can
couple with external electromagnetic waves. For the first time radiative modes were
discussed by Kliewer and Fuchsin Ref. [1]. (These authors investigated excitations
of the ionic crystal slab connected with phonon—photon interaction.) They showed
that virtual polaritons are characterized by complex frequency w = w’ +iw’. Con-
tribution to the absorption spectra due to an individual virtual mode is a resonance
peak centered at w’ with total width 2|w”|. The imaginary part of the frequency
is connected with the radiative and scattering damping.

In this paper we want to adopt virtual mode approach to describe opti-
cal properties of multiple quantum well in the frequency range corresponding to
intersubband transitions. We will consider radiative polaritons which are a mix-
ture of intersubband plasmons and photons. (Nonradiative intersubband plasmon
polaritons will be a subject of forthcoming article.)
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Properties of the intersubband transitions (ITs) are discussed in detail in
the review article by Helm [2]. Bulk intersubband plasmon polaritons (IPPs) in
infinite superlattices are investigated by King-Smith and Inkson [3] in the fully
nonlocal approach. The radiative and nonradiative IPPs in a single quantum well
(SQW) structure are discussed by Chen et al. [4] in the framework of the so-called
local slab model and Wendler et al. [5, 6] (see also Ref. [7]) employing the fully
nonlocal approach.

Below we discuss dispersion properties of the radiative intersubband plasmon
polaritons (RIPPs) in a typical “dielectric-MQW-air” systems which are com-
monly used in total internal reflection (TIR) setup experiments. The dispersion
relations of radiative modes will be derived modeling an MQW structure (with ar-
bitrary number of quantum well Now ) by an effective uniaxial local medium [8, 9].
The usefulness of the local susceptibility model for description of optical properties
of MQW structures (connected with RIPPs) has been recently demonstrated by
Dupont et al. [10].

As was mentioned, in this paper the MQW structure is treated as an effec-
tive uniform uniaxial medium. The diagonal dielectric tensor e(w) describing the
optical properties of such a medium can be written in the following form [8]:

€jj (W) = oo + Acer(w), =y, (1)
e (W) = € — A, (w)/ey,, (2)
Aeyp(w) = idmo7) (w)/wmaw, (3)
Ac,,(w) = 47672 () /w Lmqw , (4)

where €, = (1 — flep, + few, €51 = (1 — f)/en + f/ew, €b (w) is the background
dielectric constant of the barrier (well) material, f = Low/Lmqw, Imqw is the
period of the MQW structure and Lqw is the thickness of the QW. (We assume
for simplicity that the QWs have rectangular shape.)

The normal 2D conductivity 2D (w) describes (nonretarded) response of the
quasi-two-dimensional electron gas (located in the single QW) to the z component
(normal to the growth direction) of the external electric field [= E(r)evt].
The expression for 520 (w) takes the form [11]:
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where Eo; = h@o1 is the intersubband transition energy modified by the depo-
larization and exciton-like effects, fi2 = 2mh_2E21z§1 is the oscillator strength
connected with 1 — 2 transitions (fi2 & 1), 7. is the phenomenological dephasing
time connected with 1 — 2 transitions, Ng 1s the surface electron concentration,
and finally, e and m are the charge and effective mass of the electron, respec-
tively. For simplicity we restrict ourselves to the two parabolic subband model
(with the intersubband spacing E21 = hws1) assuming that only ground subband
is occupied. Since we work in the frequency range corresponding to intersubband
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transitions, the contribution of intrasubband transitions to ;5 is negligibly small.
Due to this, in analytical calculations we take Agy,(w) = 0.

Using Eqgs. (1) and (2), one finds that (in the dissipationless limit) TPPs in
bulk effective medium obey the dispersion relation [12]:
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where k = [kx,O kMQW] is the polariton wave vector in the effective medium,

W3 = W KYOV) = 7 [k2 e, (RNOV 2 /e, ], Qb = Fra(@MV ek, e e,
and (w g/IQW) = 47 Nse? /mew Lyqw -

Let us consider TM eigenmodes that propagate in the x—z plane in a three-
-phase system formed by MQW structure (medium 1) sandwiched between two
semi-infinite materials. We assume that the region |z| < dmqw/2 is occupied by
MQW structure and the surrounding materials placed above (medium 0) and
below (medium 2) the sample are characterized by dielectric constant €5 and e
(eq > e2), respectively. Since we work in the TIR regime, we assume that the
angle of propagation ¢ (in medium 0) is greater than the critical angle " =
arctan(y/c2/ep). In another words, only these virtual modes which radiate from
MQW structure to medium 0 (not medium 2), will be considered.

The components of electric field (in the j-th medium) connected with TM
modes can be written in the following form:

Eéo)(z) = — B0k s z > dyvqw/2,

By(z) = AWemtkYs — BelkYs |2 < dyqw /2, @
ED(2) = Ae=ikz 2 < —dwiqw /2,

Ego)(z) _ %B(O)eikffj)z’ z > dvqw /2,

EY(z) = k’“;f) fesle) |4 0em i 4 B ] s < duqw/2, (8)
ED () = é_g)A(z)e_ik?)z’ z < —dmqw/2,

with

k(]) _ '\/[(2(‘:]' — k%, _] = 0, 2, (9)
‘ Ve VK2 —k2[e.., j=1,

where K = w/e is the wave vector of the radiation in vacuum.
Employing the standard boundary conditions for tangential components of
electric field and normal components of displacement vector, we get [4]:
-1

2
i MQW = _Ser (€0 E2 )1 f0 €2 L Cor
itan(k, dviqw) = MW (k(o) + k(z)) lk(o) k(z) + MW , (10)
where MW — kY. The electromagnetic (EM) excitations (polaritons) described

by Eq. (10) can be generally divided into two classes: (i) nonradiative (bound)
modes and (ii) radiative modes (for detail see Refs. [1, 4]).
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Fig. 1. Regions in the w—¢ plane (a) and the k;—w plane (b) for which RIPPs, con-
sidered in this paper, exist. Ko = /Ew(@21/¢).
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Fig. 2. Dispersion curves for high-frequency (left panels) and low-frequency (right pan-
els) RIPPs in the “GaAs—MQW-air” system described in the main text.
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As mentioned in this paper, we consider only radiative modes radiating to
the medium 0, at fixed propagating angle ¢ (> 7). Wave vector, frequency
and propagation angle of such modes should obey the following relations: k, =
|ks|el®, w = |wle! and ¢ = arctan |kx|/|k§0>|, where « is real number [1].

Numerical calculations (see Fig. 1) are performed for a standard GaAs/
AlGaAs MQW structure similar to discussed in Ref. [8]: Ey; = 111 meV,
fia = 085, Ny = 1.2 x 10'? em~2, Lyqw = 405 A, ¢y = 10.9, ¢, = 10.08
and €,, = 10.06. Virtual modes can occur in the two (shaded) regions of p—w
plane (k;—w plane). Modes lying above &2, are called high-frequency (H) modes.
Modes occurring below @y are called low-frequency (L) modes.

Inspection of Eq. (10) indicates that a “GaAs-MQW-air” structure may
support infinite number of radiative modes (n = 0,1,2...). Figure 2 presents dis-
persion curves for RIPPs in a GaAs-GaAs/AlGaAs MQW-air system with [8]:
€0 = €Gaas = 10.9, €3 = eupp = 1 (ol = 17.631°), 21" = 2h7]" = 11.2 meV,
Ngw = 200. Figure 2 shows dispersion curves of high- and low-frequency modes,
for w close to ws1. It is worthy noting that high-frequency modes, in contrast to
low-frequency modes, occur only for ¢ smaller than critical angle

Y. = arcsin \/e., [eq.
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Fig. 3. Spectral dependence of A(p,w) calculated for the system discussed in Fig. 2,
at o =65° (a) and ¢ = 75° (b).



430 W. Zietkowski, M. Zatuzny

In the case of TIR geometry, in the absence of quasi-two-dimensional electron
gas in MQW structure all the incident light will be reflected by the structure. Due
to the intersubband excitations and damping, energy is removed from incident
beam and the reflection coefficient R(w, ¢) is reduced to less than unity. As men-
tioned we would like to associate structure in absorption spectra “GaAs—-MQW-air”
system with RIPPs.

Figure 3 presents w-dependence of absorption A(w, ) = 1 — R(w, ¢) calcu-
lated employing a transfer matrix method for ¢ = 65° (< ¢c) and ¢ = 75° (< ¢.).
We are able to associate each peak (structure) with appropriate radiative mode.
The double bar above each peak illustrates the center frequency p’ of the virtual
mode, its total width 2|p”| calculated with I" = 11.2 meV, and its radiative width
2|n""| calculated with I" = 0. The results presented in Fig. 3 support usefulness of
the virtual modes approach in the description of the infrared optical properties of
MQW structures.
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